Open Access Article. Published on 05 October 2017. Downloaded on 11/6/2025 11:26:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

.

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2017, 7, 47063

Received 5th June 2017
Accepted 29th September 2017

DOI: 10.1039/c7ra06290g

rsc.li/rsc-advances

1. Introduction

A dynamic prediction of stability for nitromethane
in external electric fieldt

Fu-de Ren, ©*2 Duan-lin Cao,® Wen-jing Shi® and Min You?

Adding an external electric field into an energetic material system can increase the energy but the stability
may be reduced. In this paper, the effects of external electric fields on the initiation reaction dynamics of
CH3NO, (intermolecular and 1,3-intramolecular hydrogen transferences) were investigated using the
MP2/6-311++G(2d,p) and CCSD/6-311++G(2d,p) methods. The results show that, when the external
electric field is in the —y-direction of the CH3zNO, dimer (perpendicular to the O---N---N plane), the
barriers of intermolecular hydrogen transference are lower than the C-NO, bond dissociation energies,
leading to a preference for the hydrogen transference path over the C-NO, bond dissociation, and the
sensitivities are higher than in the absence of an external electric field. However, in the other fields
(except for the C-NO, bond axis direction with a field strength larger than +0.0060 a.u.), the C-NO,
bond scission is favored and the sensitivities are almost equal to those in the absence of an external
electric field. Although due to many obstacles, at present the proposition of adjusting the explosive
sensitivity with external electric field does not make any sense in practice, the external-electric-field
effect on explosive sensitivity must arouse intense interest in future.

activation energy, the more susceptibly the detonation initia-

Although adding an external electric field into an energetic
material system can increase the energy content of conduction
gases in the vicinity of the detonation front and consequently
accelerate detonation velocity and enhance detonation pres-
sure,'” the stability of an energetic material may be reduced,
leading to an increased explosive sensitivity.

There are mainly two reasons for reducing the stability of
explosives. One is that the external electric field may elongate
the bond length and reduce the bond dissociation energy (BDE)
of the “trigger linkage”,** the breaking of which is a key factor in
the initiation of detonation.®® Thus, the trigger linkage is more
prone to breakage in an external electric field than in the
absence of an external electric field, leading to a higher explo-
sive sensitivity. The other is that the external electric field may
lower the activation energy of chemical reactions.” For an
explosive molecule, if the external electric field lowers the
activation energy of the first step of the reaction (i.e., the deto-
nation initiation), decomposition will be easier, and thus
explosive sensitivity will become higher. The lower the
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tion occurs, accompanied by a higher explosive sensitivity.”®
Indeed, in our recent dynamic prediction of nitromethane —
methyl nitrite isomerization in an external electric field, the
barrier heights were decreased and the explosive sensitivities
were increased with the increase of the electric field in the —x-
direction.'* Therefore, in order to predict the stability of an
explosive molecule in an external electric field, it is necessary to
examine the changes in the strength of the trigger linkage and
the activation energy of detonation initiation.

Nitromethane (CH3;-NO,) is a prototypical explosive. Its
decomposition mechanism has been extensively investigated in
the absence of external electric field.">2° Due to the lowest C-NO,
BDE, the C-NO, bond scission was regarded as the first step.*
However, the viewpoint that the 1,3-intramolecular hydrogen
transference and oxygen transfer from the nitro to methyl group
were prior to the C-NO, bond scission was supported based on
the first principle.*****® Then, what about in the presence of
external electric field? Furthermore, will the sensitivity be
increased in the external electric field? Recently, we investigated
the changes of the C-NO, BDEs and the barriers of CH;NO, —
CH;O0NO isomerization in the presence of external electric field
using the MP2 and CCSD methods.'* To our knowledge, few
theoretical investigations on the stability and sensitivity of
explosive molecule in external electric field were presented.

The hydrogen transference is a typical reaction mechanism.
In this work, a dynamic investigation into the effect of external
electric field on the intramolecular and intermolecular
hydrogen transferences in detonation initiation of
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nitromethane was presented. The changes of the stability and
explosive sensitivity were predicted according to the change of
activation energy in external electric field. This investigation
must be useful to add efficiently electric field to the energetic
material system to avoid the catastrophic explosion in external
electric field.

2. Computational details

All calculations were performed with Gaussian 03 programs.*
All the reactants and transition states (TS) were fully optimized
using the MP2/6-311++G(2d,p) method in external electric fields
(as well as no field). Energy minima of them were confirmed by
the absence of imaginary frequency and only one imaginary
frequency, respectively. The rate constants for each reaction
path were calculated in the different field strengths and orien-
tations at the MP2/6-311++G(2d,p) level, and AIM (atoms in
molecules)*? results were obtained at the same level of theory.
The activation energies were evaluated at the CCSD/6-
311++G(2d,p)//MP2/6-311++G(2d,p) level.

In the coordinate systems used for the dynamic analysis of
the reaction paths of 1,3-intramolecular hydrogen transference,
the carbon is at the origin and the nitrogen is on the +z-axis; the
x-axis is in the C-NO, plane and the y-axis is perpendicular to it.
For the intermolecular hydrogen transference, the N2---N2’
orientation is on the z-axis, with z increasing from N2 to N2’ for
all the CH3NO, dimers. The x-axis is in the O4---N2---N2/ plane,
and the y-axis is perpendicular to it (see Fig. 1). In three
orthogonal directions (x, y, and z), the field strengths of £0.002,
+0.004, +0.006, +0.008 and +0.010 a.u. were considered.

According to literature,’ in the absence and presence of
various field strengths, conventional transition state theory
(CTST)**** with wigner tunneling correction®*> was used to
provide estimates of the rate constants.

3. Results and discussion

In the absence of external electric field, three kinds of feasible
mechanisms of the first step of the CH;NO, decomposition are
shown in Fig. 1: unimolecular isomerization to ¢rans-eclipsed
methyl nitrite CH;ONO via TS1," 1,3-intramolecular hydrogen
transference to C; symmetrical aci-nitromethane CH,N(O)OH
via TS2 and intermolecular hydrogen transfer via TS3. The
barriers of TS2 and TS3 are 285.11 and 274.82 k] mol ™' at the
CCSD/6-311++G(2d,p)//MP2/6-311++G(2d,p) level, respectively.
The C-NO, BDE (275.21 k] mol™') is lower than the barrier of
CH;NO, — CH3;0ONO" or CH3;NO, — CH,N(O)OH, but slightly
higher than that of the intermolecular hydrogen transfer.

Note that the hydrogen transference is the initiation reaction
in the decomposition process of nitromethane.” So the
following sections only give a comparison of the effect of
external electric field on the barrier heights of intramolecular
and intermolecular hydrogen transference reaction paths with
the C-NO, BDEs (see ESI data, Table S1%) in the different field
strengths and orientations. For comparison, the results of
“nitromethane — methyl nitrite CH;ONO via TS1 (ref. 11)” is
also cited (see Fig. 1 and 2).
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TS-1 (x +0.010 a.u.) TS-2 (x +0.010 a.u.)

TS-1 (x-0.010 a.u.) TS-2 (x-0.010 a.u.) TS-3 (x-0.010 a.u.)

TS-1 (y +0.010 a.u.) TS-2 (y +0.010 a.u.) TS-3 (3 +0.010 a.u.)

TS-2 (y-0.010 a.u.) TS-3 (-0.010 a.u.)

TS-1 (z-0.010 a.u.)

TS-2 (z-0.010 a.u.) TS-3 (z-0.010 a.u.)

Fig. 1 Selected structures of the transition states in the different
external electric field strengths and orientations (including those in the
absence of field) at the MP2/6-311++G(2d,p) level (geometric
parameters are in A) (the figures of TS-1 are from literature).

3.1 1,3-Intramolecular hydrogen transference

The fields parallel to the x-axis affect the barrier heights more
than those parallel to the y- or z-axis. From Table S2 (see ESI datat)
and Fig. 2, in the presence of the field in the y- or z-direction,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Barriers (E,) of three decomposition paths or C—NO, BDEs versus field strengths in the different field orientations (Ex, Ey and E>) at the

CCSD/6-311++G(2d,p)//MP2/6-311++G(2d,p) level.

barrier heights remain essentially unchanged even in the stronger
electric fields. Furthermore, in the x-, y- and z-oriented fields, the
barriers are all higher than the C-NO, BDEs, showing that the
external electric field causes preference of the C-NO, bond
dissociation over the 1,3-intramolecular hydrogen transference.

For TS2, the C1---H5 distances do not show unambiguous
trends with the changes of field strengths in the x-direction (see
ESI data, Table S37). As the field is increased in the +x-direction,
the N2-04 bond lengths increase, while the O4---H5 distances
decrease, as is in accordance with the AIM results. The opposite
trends are found in the —x-direction. In the +z-direction, as the
field is increased, the C1---H5 distances decrease, while the
04---H5 distances and N2-04 bond lengths increase. Fields in
the negative z-direction correspondingly show the opposite
trends. From Fig. 3 and 4, in the x-direction, the linear corre-
lations between the changes of bond lengths or corresponding
electron densities and field strengths are found with the R
equal to the range of 0.9954-0.9966 or 0.9968-0.9977. In the
z-direction, several good (R* = 0.9991-0.9997 or 0.9993-0.9999)
linear correlations between them are also observed. However, in
the y-direction, the linear correlation is not obvious.

From Table 1, fields oriented parallel to the x- or y-axes have
a minor effect on the imaginary vibrations, while fields along
the z-direction, ie. the direction of proton transfer, have
a significant effect on them. The imaginary frequencies are
decreased in the —z-direction while are increased in the +z-
direction. Thus, the field-induced flattening of the potential
energy surface is suggested in the —z-direction.

The Wigner corrections are in the range of about 5.2-6.2 at
298.15 K, suggesting the notable tunneling-corrected effects on
rate constants. However, at 688 K, they are no more than 2.0,
indicating the weakened tunneling-corrected effects (see Table
1). A good (R* = 0.9972) linear correlation is obtained between
the tunneling-corrected rate constants and the z-field strengths
(see Fig. 5). They fit the following equation:

k298.15(corrected) = —335.0E. + 6.45

3.2 Intermolecular hydrogen transference

In previous experimental and theoretical investigations, three
bimolecular mechanisms with head-to-tail transition state

This journal is © The Royal Society of Chemistry 2017

geometry (C-N bond collinear) of two nitromethane molecules
were discussed.”*' The first reaction pathway resulted in the
simultaneous production of nitrosomethane, formaldehyde
and HONO with the unrealistically high activation energy
(497.7 kJ mol ").** The second reaction pathway involved an
association reaction joining two nitromethane molecules in
a rearranged dimer formed by the intermolecular H-bonding
interaction between the hydrogen and oxygen atoms, which
led to a CH;-N(OH)-CH(OH)-NO, product. However, this
mechanism did not provide a direct pathway to the production
of broadband absorbing species.** The third models involved
a bimolecular exchange of an oxygen atom to form nitroso-
methane and nitromethanol.?® For this model, we have ob-
tained a very high activation energy, in excess of 300.0 k] mol *
at the MP2/6-311++G(2d,p) level. Due to the very high activation
energies of above three paths, Zeman et al. stated that the
bimolecular reactions in the initiation of nitromethane were
not probable.*® Therefore, above three bimolecular mechanisms
were not considered in this work.

However, in this work, a new bimolecular side by side C;
symmetry CH;NO, dimer transition state, TS3, formed by two
intermolecular H-bonds between the hydrogen and oxygen
atoms is found (see Fig. 1). IRC calculation confirms the
transformation from a side-by-side nitromethane dimer to
a side-by-side aci-nitromethane dimer. In the absence of
external electric field, the barrier is far lower than those in the
previous bimolecular mechanisms,*>* indicating that this
mechanism may be the most favored bimolecular reaction
pathway. Furthermore, as mentioned above, the barrier of TS3
is lower slightly than the C-NO, BDE, showing that this pathway
might occur in the most competition with the C-NO, bond
rupture at the initial stage of CH3NO, decomposition.

The previous calculations of CH3;NO, dimer using the
MINDO/3-HB technique indicated that a cyclic dimer, in which
four weak intermolecular H-bonds were formed, was energeti-
cally most favorable.*® However, at the MP2/6-311++G(2d,p)
level, this structure is not obtained but a stable CH;NO, dimer
with only two intermolecular H-bonds is found with C; point
group symmetry by unequal H---O distances (see ESI data,
Fig. S17). IRC calculation confirms the transformation from it to
a side-by-side geometry aci-nitromethane dimer via TS3. For
this reactant, the intermolecular O4'---H5 (or O4---H5')

RSC Adv., 2017, 7, 47063-47072 | 47065
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Fig. 3 Changes of the bond lengths or interatomic distances versus field strengths in the different field orientations (Ex, Ey and E) for transition

states at the MP2/6-311++G(2d,p) level.

hydrogen-bond distance is significantly altered by the field in
the z-direction (see ESI data, Fig. S1}). In particular, when the
field strength is larger than —0.0060 a.u. in the —z-direction or
+0.0040 a.u. in the +z-direction, the O4’---H5 or O4---H5'
distance is increased to 3.193 or 7.584 A, i.e., the intermolecular
04'---H5 (or O4---H5') hydrogen-bond is broken, and the side-
by-side geometry is changed into the head-to-tail structure. In

47066 | RSC Adv., 2017, 7, 47063-47072

the +y-direction, an obvious trend that the dipoles antiparallel
side-by-side geometry turns into the dipoles aligned side-by-
side structure is found.

The effects of fields on the geometries of TS3 are far weaker
than those on the structures of reactants (see ESI data, Table
S47t). All the TS3 structures are the dipoles antiparallel side-by-
side geometries in the absence and presence of external fields.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The changes of the electron densities versus field strengths in the different field orientations (Ex, Ey and E) for transition states at the MP2/

6-311++G(2d,p) level.

Furthermore, the fields parallel to the z- and y-axes affect the
structures of TS3 more than those parallel to the x-axis. As the
field is increased in the z-direction, one of the O---H distances
increases while the other one decreases. Similar changes of the

This journal is © The Royal Society of Chemistry 2017

C---H distances are also found. In other words, with the
increased fields in the z-direction, the double-proton transfer
reaction turns into the single-proton transfer reaction. Indeed,
from Fig. 1, when the field strength is up to 0.0100 a.u. in the —z

RSC Aadv., 2017, 7, 47063-47072 | 47067
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Table1 Transition states imaginary frequencies (Imv), Gibbs energies (AG, kJ mol™3), reaction rate constants (k, s~%) and corrected reaction rate
constants (kx9g15 kc and Kegs k.c. s7Y, and Wigner tunneling corrections (k) in the absence and presence of fields of varying strengths and
directions for the 1,3-intramolecular hydrogen transference path at the MP2/6-311++G(2d,p) level

Field (a.u.) Imv AGjos.15 K kaos.15 K298.15 K kaos.15 K,C AGegs kess k Kess K kess K,C
No field 2226.6 264.53 2.81 x 1073* 5.849 1.64 x 10723 282.75 4.95 x 107° 1.903 9.42 x 107°
Z — 0.0100 2090.1 261.12 1.11 x 103 5.273 5.86 x 1023 272.67 2.88 x 10°® 1.796 5.17 x 10~®
Z — 0.0080 2126.7 261.22 1.07 x 103 5.424 5.79 x 103 273.82 2.36 x 108 1.824 4.30 x 108
Z — 0.0060 2156.3 261.58 9.23 x 1073 5.548 5.12 x 10723 275.30 1.82 x 1078 1.847 3.36 x 108
Z — 0.0040 2181.8 262.28 6.95 x 104 5.656 3.93 x 10723 277.34 1.27 x 1078 1.867 2.38 x 1078
Z — 0.0020 2206.0 263.29 4.64 x 1073 5.760 2.67 x 10723 279.86 8.20 x 107° 1.886 1.55 x 1078
Z + 0.0020 2245.1 255.78 9.58 x 103 5.930 5.68 x 102 290.88 1.20 x 10°° 1.918 2.29 x 107°
Z + 0.0040 2260.1 256.08 8.49 x 10723 5.996 5.09 x 1072 253.16 8.72 x 1077 1.930 1.68 x 10°°
Z + 0.0060 2272.9 256.48 7.22 x 1073 6.053 4.37 x 1073 253.65 8.01 x 107”7 1.941 1.55 x 107°
Z + 0.0080 2284.1 256.98 5.91 x 10723 6.103 3.61 x 10 *? 254.20 7.27 x 1077 1.950 1.42 x 10°°
Z +0.0100 2293.8 257.56 4.68 x 10 % 6.146 2.87 x 1032 254.85 6.49 x 107 1.958 1.27 x 10°°
X — 0.0100 2243.8 263.73 3.87 x 1073 5.924 2.29 x 10723 282.50 5.17 x 107° 1.917 9.92 x 107°
X — 0.0080 2241.8 265.04 2.29 x 103 5.915 1.35 x 103 283.02 4.72 x 10°° 1.915 9.04 x 10°
X — 0.0060 2238.2 264.49 2.85 x 107%* 5.900 1.68 x 10723 283.29 4.50 x 107° 1.912 8.61 x 107°
X — 0.0040 2235.0 265.02 2.31 x 1073 5.886 1.36 x 103 283.70 4.20 x 10°° 1.910 8.01 x 107°
X — 0.0020 2231.4 264.69 2.63 x 1074 5.870 1.54 x 10723 283.07 4.68 x 10° 1.907 8.93 x 107°
X +0.0020 2221.2 264.59 2.74 x 1073 5.825 1.60 x 103 282.90 4.82 x 10°° 1.899 9.16 x 107°
X +0.0040 2215.8 264.12 3.31 x 1073 5.802 1.92 x 10723 281.84 5.80 x 107° 1.894 1.10 x 1078
X + 0.0060 2210.8 264.71 2.61 x 10 3* 5.780 1.51 x 103 283.33 4.48 x 10°° 1.890 8.46 x 107°
X +0.0080 2204.4 263.79 3.78 x 107 5.753 2.17 x 1073 283.10 4.66 x 107° 1.885 8.78 x 10~°
X +0.0100 2196.5 263.72 3.89 x 10 3* 5.719 2.22 x 107 282.97 4.76 x 10° 1.879 8.95 x 10~
Y — 0.0100 2246.3 260.84 1.24 x 10723 5.935 7.38 x 10723 274.10 2.24 x 1078 1.919 4.30 x 1078
Y — 0.0080 2284.1 261.56 9.31 x 107** 6.103 5.68 x 10723 275.80 1.67 x 1078 1.950 3.25 x 1078
Y — 0.0060 2237.3 266.80 1.13 x 1074 5.896 6.63 x 107>* 287.85 2.03 x 107° 1.912 3.88 x 107°
Y — 0.0040 2233.6 266.55 1.24 x 103 5.879 7.30 x 10%* 287.32 2.23 x 107° 1.909 4.25 x 107°
Y — 0.0020 2230.1 265.98 1.56 x 104 5.864 9.17 x 10>* 286.11 2.75 x 107° 1.906 5.25 x 107°
Y + 0.0020 2222.8 264.06 3.39 x 107 5.832 1.98 x 1023 281.67 5.97 x 10° 1.900 1.13 x 10°®
Y + 0.0040 2220.0 262.75 5.75 x 107°* 5.820 3.35 x 10723 278.70 1.00 x 10~° 1.898 1.91 x 1078
Y + 0.0060 2217.1 261.91 8.08 x 103* 5.808 4.70 x 10°% 276.79 1.40 x 108 1.895 2.66 x 108
Y + 0.0080 2213.3 261.38 9.98 x 10>* 5.791 5.78 x 10723 275.59 1.73 x 10°° 1.892 3.27 x 1078
Y + 0.0100 2210.6 260.73 1.30 x 10733 5.780 7.51 x 103 274.09 2.25 x 1078 1.890 4.25 x 1078
6.0 to 1.010 A, very close to the covalent bond length of O-H bond,

Y =-355.0X + 6.45 R?>=0.9972

o
'S
1

»
©
1

»
S
1

3.6

-32 -1
k,, 5 (corrected) (107s™)
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o
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T T T
0.006 0.008 0.010
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Fig. 5 Rate constant (k/s™%) at 298.15 K obtained from CTST after
Wigner's tunneling correction versus field strengths in z-orientations
for 1,3-intramolecular hydrogen transference at the MP2/6-
311++G(2d,p) level.

T T
0.002 0.004

direction, one O---H distance is increased to 1.272 A, and there
exists only one imaginary frequency corresponding to this
proton transfer. However, the other O---H distance is decreased

47068 | RSC Adv., 2017, 7, 47063-47072

and no imaginary frequency mode corresponding to this
hydrogen vibration is found. As the field is increased in the +y
direction, the C---H distances increases significantly and the
O---H distances remarkably decreases. Fields in the —y direc-
tion correspondingly show the opposite trends. From Table S4
(see ESI dataft), except for the C1---H5, C1'---H5’, 04’---H5 and
04---H5' distances involving with the proton transfer, the other
bond lengths are slightly altered by the fields. Fig. 3 shows
several linear correlations between the changes of the bond
lengths or the corresponding electron densities and field
strengths with the linear correlation coefficients R* equal to the
range of 0.9815-0.9995 or 0.9810-0.9999 along the x- and
y-oriented fields.

The energies of the reactants decrease while those of TS3
increase with increasing field strengths in the +x-, +y- and
+z-directions (see ESI data, Table S21). Thus, the barriers
increase. Furthermore, all the barriers are higher than the
C-NO, BDEs, indicating that the fields in the +x-, +y- and
+z-directions cause preference of the C-NO, bond dissociation
over the intermolecular hydrogen transference.

However, in the —y-direction, the barriers of the intermo-
lecular hydrogen transference reactions are lower than the C-
NO, BDEs (see Fig. 2), suggesting that the applied field in the

This journal is © The Royal Society of Chemistry 2017
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—y-direction causes preference of the intermolecular hydrogen
transference reaction over the C-NO, bond dissociation.
Although the energies of reactant and TS3 decrease with
increasing field strength in the —y-direction, the energies of TS3
decrease more significantly than those of reactant (see ESI data,
Table S2t), and hence the barrier heights are decreased. At the
maximal field strength, the barrier height is lowered to 14.38%
of its field-free value.

Fields oriented parallel to the x- or y-axis have a minor effect
on the imaginary frequency. However, fields along the z-axis
have a significant effect on the imaginary vibration. The imag-
inary vibrations decrease: from its field-free value 1955.4 to
1396.7 cm™ ' at maximal field strength (see Table 2). The
magnitude of the imaginary frequency decreases by 28.6%
under the influence of the maximal field intensity in the
z-direction when compared to the zero-field case. Thus, a field-
induced flattening of the potential energy surface is suggested.
From Table 2, at 298.15 K, the Wigner corrections in the x- and
z-directions is notable (about 4.3-5.3).

To sum up, in conjunction with our previous study on
“CH3;NO, — CH3;ONO” via TS1," the barriers of three reaction
paths are all higher than the C-NO, BDEs in the x-oriented
fields. Thus, the x-oriented fields do not induce the change of
the reaction pathways relative to those in the absence of field,*
and the C-NO, bond scission is always kinetically favored.
Therefore, in the x-oriented fields, the explosive sensitivity of
CH;NO, can be evaluated by the strength of the C-NO, bond.
The C-NO, BDEs remain nearly unchanged in the external
electric fields (275.38-280.90 k] mol " in x-direction), indi-
cating that the explosive sensitivity remains nearly unchanged
in the x-oriented external electric fields. Furthermore, the
sensitivities are almost equal to those in the absence of field
since the C-NO, BDEs in the x-oriented fields are very close to
that in the absence of external field.

However, when the field is in the —y-direction of dimer, due to
the lower barriers than the C-NO, BDEs, intermolecular hydrogen
transference reaction occur preferentially over the C-NO, bond
scission. In the —y-direction, the explosive sensitivity can be
evaluated by the strength of the C-H bond and the C-H bond
becomes the trigger linkage. Our recent investigation shows that
when the field strength is larger than +0.0060 a.u. in the +z-
direction, the CH3;NO, — CH3;ONO reaction occur preferentially.™
Thus, when the field strength is larger than +0.0060 a.u. in the
+z-direction of CH;NO, or the field is in the —y-direction of dimer,
the detonation initiation occurs more easily and thus the explo-
sive sensitivities are increased in comparison with those in the
absence of external electric field. In the other fields along the y-
and z-orientations, the C-NO, BDEs are all lower than the barriers
of above three reaction paths, and the C-NO, bond scission is
kinetically favored (see Fig. 2). Thus, the sensitivities are almost
equal to those in the absence of external electric field since the
C-NO, BDEs in the external electric fields of y- and z-directions
(274.97-275.90 kJ mol ") are almost equal to those in no field.

Since, in theory, the change of the directions and strengths
of external electric fields can alter the reaction pathways and
thus change the explosive stability and sensitivity, can the
stability and sensitivity of explosive be adjusted with external

This journal is © The Royal Society of Chemistry 2017
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electric field in practice? At present, thus proposition does not
make any sense for four reasons at least: (1) one can not specify
(let alone control) the orientation of a macroscopic sample of
explosive that are randomly oriented in gas, solid or liquid
solution form with respect to an externally-applied field. (2) One
can not find out the electromagnetic (EM) field applied to the
system in this paper. These are several orders of magnitude
below any fields that can have any effect on barriers or energies
of reactions - to have an effect an applied field must have at
least a strength of 10” or 10° volts per m way stronger than an
macroscopic field that can be achieved on a macroscopic
sample whether intentionally or from stray EM fields. There-
fore, the experiments that the external electric fields are
imposed to energetic materials can be not designed. (3) The
system studied in this paper is a single CH;CO, molecule or
a H-bonded complex formed by two CH3CO, molecules in gas
phase. In reality, the CH;CO, molecule may also exist in an oily
liquid state or a solid state under different conditions.
Furthermore, for each of three states, there would be an
increased probability of alignment along the electric field in
competition with kinetic translational and rotational motion in
the presence of an electric field. Moreover, this would have
a temperature dependence: in general, the higher the temper-
ature, the larger this probability would be. However, as
mentioned above, the electric field in different directions has
different effects on the stability and sensitivity of the explosive
molecules. In other words, only the molecule is exposed to
a particular direction of the field relative to its own orientation,
would there be an increased chance of ignition. At a particular
temperature, these results follow the probabilistic distribution
of statistical mechanical sense. Here, a molecular dynamics
calculation was performed with Materials Studio 7.0 program.*
The molecular number of CH3;NO, was set to 12, and the
placement of 12 molecules consist of two patterns: random and
all the molecules regularly pointing to the same direction. In the
x-axis direction, the external electric field strength of 0.006 a.u.
was considered. For the second pattern, the C---NO, orientation
was on the x-axis (see Fig. 6). The temperature was set as 298,
350, 500, 900, 1800 K, respectively. Then, these models were
considered as NVT ensembles to make MD simulations by
CASTEP module. The finally equilibrium structures for two
patterns were obtained at all the temperatures. Furthermore,
the single point energy of the random pattern was higher than
that of the pattern that all the molecules pointed to the same
direction at each of the temperatures, indicating that the latter
was more stable than the former. These results indirectly
confirm that the molecules have an increased tendency to align
along the field and the increased chance of ignition follows the
probabilistic distribution of statistical mechanical sense in the
external electric field at a particular temperature. (4) The
decomposition process of nitromethane itself is very complex.
For example, a recent ReaxFF molecular dynamics simulation
has indicated that the fragments from the decomposition of
nitromethane, like H,O0, NO, NO,, HONO, play a role of catal-
ysis. Furthermore, the decomposition of nitromethane can lead
to many different structures of carbon clusters, and the
configuration of cluster is dependent on external conditions.*
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Table 2 Transition states imaginary frequencies (Imv), Gibbs energies (AG, kJ mol™?), reaction rate constants (k, s~%) and corrected reaction rate
constants (ka9g15 kc and Kegs k.c. s7Y, and Wigner tunneling corrections (k) in the absence and presence of fields of varying strengths and
directions for the intermolecular hydrogen transference path at the MP2/6-311++G(2d,p) level

Field (a.u.) Imv AGsos.15 k kaos.15 k K298.15 K k08.15 K,C AGess x kess k K688 K Kess K,C

No field 1955.4 266.93 1.06 x 1074 4.740 5.04 x 104 329.82 1.32 x 10 %2 1.696 2.25 x 107 *?
Z — 0.0100 1396.7 280.96 3.71 x 107 2.908 1.08 x 103¢ 344.29 1.06 x 10 % 1.355 1.43 x 107"
Z — 0.0080 1469.2 280.28 4.88 x 10°% 3.111 1.52 x 1073° 346.29 7.45 x 107 1.393 1.04 x 10713
Z — 0.0060 1547.2 273.10 8.84 x 103¢ 3.341 2.95 x 10~%° 325.25 2.94 x 1012 1.436 422 x 1072
Z — 0.0040 1618.9 263.18 4.84 x 1073 3.563 1.72 x 1073 341.40 1.75 x 10 %3 1.477 2.58 x 107*3
Z — 0.0020 1807.1 265.44 1.95 x 107* 4.194 8.17 x 104 330.98 1.08 x 107 *? 1.595 1.72 x 107 %2
Z + 0.0020 1825.0 269.22 4.24 x 10°%° 4.258 1.80 x 103* 330.95 1.09 x 10~ *? 1.607 1.74 x 10~ 12
Z + 0.0040 1658.3 274.87 4.33 x 107%¢ 3.690 1.60 x 107°° 344.71 9.81 x 10~ 1.501 1.47 x 107
Z + 0.0060 273.3 291.26 5.82 x 107>° 1.073 6.24 x 107*° 362.20 461 x 107 1.014 4.68 x 10°*°
Z + 0.0080 1468.4 280.31 4.83 x 10°%7 3.109 1.50 x 10 °° 346.22 7.53 x 107 1.393 1.05 x 107
Z +0.0100 1396.7 —a — 2.908 — — — 1.355 —

X — 0.0100 2019.5 - — 4.989 - - — 1.743 -

X — 0.0080 2008.7 — — 4.946 — — — 1.735 —

X — 0.0060 1994.4 259.27 2.34 x 1073 4.890 1.14 x 10732 307.95 6.05 x 10~ 1.724 1.04 x 107
X — 0.0040 1981.7 269.29 411 x 10°%° 4.841 1.99 x 10* 336.92 3.83 x 1071 1.715 6.57 x 1013
X — 0.0020 1968.9 268.96 4.69 x 10~ 4.792 2.25 x 1073* 335.43 496 x 105 1.706 8.47 x 107
X +0.0020 1944.2 270.44 2.58 x 10°*° 4.697 1.21 x 10* 338.31 3.00 x 107" 1.688 5.07 x 1073
X +0.0040 1933.5 271.43 1.74 x 107° 4.657 8.08 x 107°° 347.96 5.55 x 10 ** 1.681 9.34 x 107
X +0.0060 1924.6 269.82 3.32 x 10°%° 4.623 1.53 x 10 * 343.46 1.22 x 10713 1.675 2.04 x 108
X +0.0080 1919.3 269.64 3.57 x 107*° 4.603 1.64 x 1074 342.13 1.54 x 10°%3 1.671 2.57 x 1071
X +0.0100 1914.8 258.25 3.53 x 1073 4.586 1.62 x 10732 306.27 8.12 x 10~ 1.668 1.35 x 10~ *°
Y — 0.0100 2087.4 220.66 1.36 x 107%¢ 5.262 7.16 x 107%¢ 343.69 1.17 x 1074 1.794 2.10 x 10713
Y — 0.0080 2058.5 231.38 1.80 x 10728 5.144 9.26 x 1028 339.78 232 x 10713 1.772 412 x 103
Y — 0.0060 2034.3 241.25 3.36 x 107°° 5.048 1.70 x 1072%° 336.15 438 x 1075 1.754 7.67 x 10713
Y — 0.0040 2008.5 250.35 8.54 x 102 4.945 4.22 x 107! 332.97 7.63 x 10713 1.735 1.32 x 10~ *?
Y — 0.0020 1981.9 258.51 3.18 x 1073 4.842 1.54 x 10722 329.87 1.31 x 107 *2 1.715 2.25 x 107 *?
Y + 0.0020 1919.7 273.10 8.86 x 10 ¢ 4.604 4.08 x 10°*° 326.76 2.26 x 102 1.671 3.78 x 10”2
Y + 0.0040 1906.2 278.97 8.29 x 1077 4.554 3.78 x 107¢ — — 1.662 —

Y + 0.0060 1884.6 281.96 2.48 x 10°% 4.474 1.11 x 10°3° 333.15 7.40 x 1013 1.647 1.22 x 10~ *?
Y + 0.0080 1858.6 284.89 7.62 x 1078 4.379 3.34 x 107 329.98 1.29 x 10 %2 1.629 2.10 x 107*?
Y + 0.0100 1850.7 286.41 412 x 1038 4.350 1.79 x 107 327.21 2.09 x 102 1.624 3.39 x 10”2

¢ IRC involving the transformation from a side-by-side geometry nitromethanol dimer to a side-by-side geometry aci-nitromethane dimer is not

found.

External electrofield, 0.006 eV/A/e

.o
204

Fig. 6 The equilibrium structure in the external electric field for the
pattern that all the molecules regularly point to the same direction.

To date there are still many obstacles to add external electric
field into energetic material system in experiment. However, the
external electric field effect itself of changing the reaction

47070 | RSC Aadv., 2017, 7, 47063-47072

pathways and stability (sensitivity) of explosive is remarkable
enough to arouse the intense interest of researchers and keep
them full of confidence to achieve experimental goals in ener-
getic material field, since the orientation of molecules could be
determined by Langmuir-Blodgett techniques,*?*® and the
investigations on electron transports of molecular-scale systems
have been launched in experiment.** Furthermore, the obser-
vation of large reversible switching behavior in the electronic
device that uses molecules as the active component has been
reported.***?

4. Conclusions

The effects of external electric field on the detonation initiation
reaction dynamics of CH;NO, were investigated by the MP2 and
CCSD methods. The results show that a new bimolecular
intermolecular hydrogen transference mechanism, from a side-
by-side nitromethane dimer formed by two intermolecular H-
bonding interactions to a side-by-side aci-nitromethane
dimer, is the most favored bimolecular reaction pathway.
Furthermore, this pathway occurs in the most competition with
the C-NO, bond rupture at the initial stage of CHz;NO,

This journal is © The Royal Society of Chemistry 2017
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decomposition in the absence of external electric field. Some
linear correlations between the changes of bond lengths or
electron densities and field strengths in different field orienta-
tions are obtained.

In particular, when the field is in the —y-direction of CH;NO,
dimer (the orientation perpendicular to the O---N---N plane),
the barriers of intermolecular hydrogen transference are lower
than the C-NO, BDEs. Therefore, when the field in the —y-
direction causes preference of the intermolecular hydrogen
transference reaction. In the —y-direction, the C-H bond may be
trigger linkage. Furthermore, in this case, the explosive sensi-
tivities are increased in comparison with those in the absence of
field. However, in the other fields, the barriers of hydrogen
transference reaction paths are all higher than the C-NO, BDEs.
Thus, the fields do not induce the change of the reaction
pathways relative to those in the absence of external electric
field and the C-NO, bond scission is kinetically favored in
initiating detonation. In these cases, the explosive sensitivities
can be evaluated by the strength of the C-NO, bond and they are
almost equal to those in the absence of external electric field.
The change of the directions and strengths of external electric
fields can change the reaction pathways and stabilities (sensi-
tivities) of explosives. This theoretical investigation must be
useful to safely add external electric field into energetic material
systems to increase the energy, detonation velocity and deto-
nation pressure in future.
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